Some OFDMA-based wireless commuication systems, e.g., Wireless Broadband Internet (WiBro) or Worldwide interoperability for Microwave Access (WiMAX), support frequency reuse of 1 to maximize spectral efficiency. One of the efficient methods to reduce co-channel interference (CCI) caused by frequency reuse is fractional frequency reuse (FFR). In this paper, we propose and validate a novel frequency partitioning method and subcarrier assignment mechanism to improve system and individual capacity of mobile systems using FFR.
Introduction
Mobile WiMAX/WiBro systems adopt orthogonal frequency division multiplexing (OFDM) and orthogonal frequency division multiple access (OFDMA) [1] technology. Subcarriers of an OFDM system are grouped into sets of subcarriers, i.e., subchannels. Some mobile communication systems support frequency reuse of one, which means that Mobile Stations (MSs) use the same frequency channels to maximize the spectral efficiency in all cells or sectors. However, due to severe co-channel interference (CCI) problem, connection quality degradation of MSs in the cell edge may become serious.
Both IEEE 802.20 and WiMAX mention the fractional frequency reuse (FFR) scheme to solve the CCI problem at the cell edge. In FFR, cells operate on different subchannels, i.e., a fraction of the whole channel bandwidth per cell, to reduce CCI. By use of FFR, the channel quality and the rates of MSs at the cell edge can be improved although it comes with the cost of reduction of available bandwidth [4] . In order to meet the objectives of FFR, frequency partitioning policy, which determines available sets of subchannels cell by cell, plays a key role. In this paper, we propose a novel frequency partitioning method, in which both subchannels for inner cell area and subchannels for cell edge are allowed to be used in the center area of cells while subchannels for cell edge area are defined differently from cell to cell to reduce CCI. We also present a scheme to efficiently allocate subcarriers to MSs.
Frequency Partitioning
We consider the downlink of a multiuser OFDM system with FFR technique. In FFR, available universal frequency bandwidth is divided into several subchannels. FFR can improve the link quality at the cell edge since some subchannels are used in the edge of a cell and other subchannels are used in the edge of a neighbor cell. In FFR, whole frequency bandwidth is divided into subchannels to use at the center area and the edge of cells according to the reuse factor (RF). The RF denotes the ratio between the number of subchannels at the edge of a cell and the total available number of subchannels at the edge of cells, and it is predetermined considering cell environment. So the MSs located at the center area of each cell uses the same common subchannel and the MSs located at the edge of each cell uses some different subchannels to reduce interferences [3] , [4] . Figure 1 (a) and Fig. 1(b) show the example of frequency partitioning in IEEE 802.20 and WiMAX, respectively [2] . When the RF value is 1/3, subchannel F1 is allocated to the center area of each cell and subchannels F2, F3 or F4 are allocated to the edge area of each cell. In the frequency partitioning of IEEE 802.20, subchannel assign- Copyright c 2008 The Institute of Electronics, Information and Communication Engineers ment for cell edge and for inner cell area should be the same in all cells despite of the different distribution of MSs among cells, and thus optimal cell frequency planning may not be feasible. In the frequency partitioning of WiMAX, MSs near the base station can use all subchannels. Hence, the capacity of the system is better than that of IEEE 802.20, however, channel quality of cell edge may be worse than that of IEEE 802.20 because of interference from neighbor cells with the same subchannels. In order to cope with the shortcomings of FFR in IEEE 802.20 and WiMAX, we propose a new frequency partitioning.
Proposed Frequency Partitioning and Allocation of Subcarriers
In our proposed frequency partitioning mechanism, MSs in the center area of each cell can appropriately use the subchannels assigned to both the center area and the edge area according to the cell environment. Thus the MSs in the center area of a cell can use the edge subchannel whose interference is less than that of the inner subchannel, and the MSs in the edge area of a cell operate in the edge subchannel, which is not overlapping with those of adjacent cells by design (see Fig. 1(c) ). In the proposed method, the average SINR of MSs' at the center of cells is further improved by using the subchannels of cell edge for the center area of cells, since the interference of the edge subchannels is less than that of the inner subchannels. Thus MSs tend to utilize better channel quality. In addition, the proposed method can utilize the different distribution of MSs in cells and MSs in the inner cell area can appropriately borrow some subcarriers of the subchannel assigned to the cell edge. So different frequency partitioning is available in each cell, which was not possible by conventional IEEE 802.20 FFR. Therefore, the interference of the center area is reduced further compared with that of IEEE 802.20 while the interference of the cell edge can also be maintained as large as the interference of IEEE 802.20. A subchannel consists of many subcarriers. Each MS in a cell is assigned subcarriers of the subchannel assigned for the MS by the base station. Based on our proposed frequency partitioning, we also present an appropriate allocation of subcarriers to MSs. To explain the proposed subcarrier allocation, we define the following notations.
• N data : Number of total subcarriers for data Let h i,n j and q i,n j be the channel gain of user i's subcarrier n j , and allocated power of user i to subcarrier n j , respectively, and ρ i,n j can be either 0 or 1, indicating whether subcarrier n j is allocated to user i or not. The system bandwidth is B and the bandwidth of each cell j is assumed to be divided by a frequency partitioning method. The capacity of user i in cell j, denoted as C j i , can be written as
. The optimization problem to maximize the sum of users capacity in cell j is formulated as The allocation of subcarriers is conducted based on the MSs' SINR values of the reference pilot subcarriers. We can precompute N inner and N edge . The edge subchannel experiences less interference by subchannels in adjacent cells than the center subchannel does. So, if the current number of MSs in a cell is less than N edge , the MSs use only the subcarriers of the subchannels allocated for the edge area of the cell in the ascending order of the SINRs of the MSs. If the number of MSs in a cell is greater than N edge , some MSs must use the subcarriers of the subchannels allocated for the center area of the cell. After computing the SINR value of each MS, the edge subchannels are sequentially assigned to the MSs in the ascending order of the SINRs until N edge , and then the inner subchannels of the cell are sequentially assigned to the remaining MSs (the current number of MSs in the cell minus N edge ) in the descending order of the SINRs. Hence the MSs with lower SINR tend to utilize better channel quality.
Simulation and Conclusion
We conduct simulations to evaluate performance. Radius of a cell is 1km and 19 cells (tier-1 and tier-2 cells) are assumed to be located. The base station of each cell has signal power of 20 W and we assume that the transmission power is uniformly allocated to all subcarriers. The COST Hata urban model is used for the propagation model [5] . The BS antenna height and the MS antenna height is 32 m and 1.5 m, respectively. The carrier frequency is 1900 MHz. Total number of data subcarriers N data in one cell is 768 and we assume that an MS requires 8 subcarriers, i.e., N MS = 8 and each subchannel consists of 8 consecutive subcarriers. Therefore, there are 96 subchannels according to N data and N MS . There are 24 subchannels for F1, F2, F3, and F4 when the ratio p is 0.25. If MSs use only one subchannel, the maximum number of accommodated MSs in a cell is 48. MSs are assumed to be distributed uniformly in a cell and the symbol rate s j i is 8.4 k symbols/sec. The modulation type and the code rate for an SINR value is determined by Table 1 . We also consider the conventional FFR with SINR threshold scheme, in which an SINR threshold value is used to allocate subcarriers to MSs by FFR. For example, if the SINR threshold SINRth is 5 dB, MSs with the SINR value greater than 5 dB are assigned inner subchannel and those with the SINR value less than 5 dB are allocated edge subchannel. The legend "Proposed FFR (Inner MSs)" denotes the average SINR value of MSs that use inner subchannel by the proposed method, and "Proposed FFR (Edge MSs)" denotes the average SINR value of MSs that use edge subchannel by the proposed method. The legend "Proposed FFR (All MSs)" denotes the average SINR value of all MSs by the proposed method and "Without FFR (All MSs)" denotes the average SINR of MSs by the traditional method without using FFR. The legend "Proposed SINRth FFR (All MSs)" denotes the average SINR value of MSs to use the SINR threshold scheme. Figure 2 shows the average SINR of MSs. When MSs use only edge subchannel, the average SINR of the "Proposed FFR (All MSs)" is shown to be the best. Because the quality of inner subchannel is inferior to the quality of edge subchannel, "Proposed FFR (All MSs)" decreases as "Proposed FFR (Inner MSs)" shows up, i.e., MSs with inner subchannel starts to appear. The per- formance of "Proposed SINRth FFR (All MSs)" becomes similar to that of the "Proposed FFR (All MSs)" as the number of MSs increases. The average SINR value of the proposed FFR method is shown to be about 23% better than that of the FFR with SINR threshold method and about 128% better than that of the method without FFR, where all MSs use only edge subchannel. We then analyze the total capacity (throughput) of MSs. As the number of MSs increases, the total throughput of the proposed method also increases linearly until some MSs start to use inner subchannel (see Fig. 3 ). The proposed frequency partitioning with subcarrier allocation method can consider dynamic cell environment by environment-aware subchannel allocation, resulting in performance enhancement of MSs.
